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laying hen [3] diets. These data conclude that moderate levels (∼7.5%) of supplementation do not negatively affect growth or production performance. However, the biofuel research industry is constantly evolving to generate superior biofuel products and optimized residual byproducts. Currently, green microalgae is used for its promise for biofuel production and the superior nutrient content of its defatted biomass, so the question arose if broilers could tolerate higher levels of the nutritionally superior biomass. Importantly, the current biomass contains relatively high levels of sodium, phosphorus, and ash [4] . Additionally, being a single cell protein supplement, the defatted microalgae biomass also contains high levels of nucleic acids [5] . However, indicators of metabolic fate or excretion level of these nutrients have not been assessed. In particular, potential impacts of feeding the biomass on phosphorus excretion and water intake of broilers may be a major environmental concern [6] .
Therefore, we conducted this experiment to determine effects of the dietary incorporation of a newly acquired defatted green microalgal biomass (DGA) on broiler growth performance, water intake, bone properties, and soluble inorganic phosphorus and DNA retentions and excretions.
MATERIALS AND METHODS

Experimental Diets and Animal Care
All animal protocols were approved by the Institutional Animal Care and Use Committee of Cornell University. The experiment was conducted at the Cornell University Poultry Research Farm. Male hatchling Ross broiler chicks (one d old) were obtained from a commercial hatchery and housed in temperature-controlled cage batteries. During the starter (wk zero to 3) and grower (wk 3 to 6) periods, chicks were housed in groups at 6 and 4 per cage, respectively. All birds had free access to feed and water and received a lighting schedule of 22 h light, 2 h dark daily. Body weights were recorded at the beginning of the experiment, and BW and feed consumption were recorded weekly thereafter. Water intakes were recorded daily. Water was provided in 500-mL chick waterers for wk one, and then in 3 L water pans for wk 2 and 3. Water was provided by water lines in the grower period and water intake was not assessed. Nutrient composition of the DGA biomass (Nannochloropsis oceanica, Cellana, Kailua-Kona, HI) is shown in Table 1 . The corn-soybean meal basal diet (control) and all other experimental diets were designed to be isonitrogenous and isoenergetic and met all of the nutrient requirements for each stage of growth [7] . Feed was withheld for 6 h prior to recording weekly animal BW and/or taking blood and tissue samples. Day-old chicks (total = 180) were divided into 5 treatment groups (n = 6 cages/treatment) and fed the control diet containing zero, 2, 4, 8 or 16% of DGA "as is" for 6 weeks. Starter diets were fed from wk zero to 3 (Table 2 ) and grower diets were fed from wk 3 to 6 (Table 3 ).
Blood Collection, Tissue Extraction, and Biochemical Analyses
Blood was collected from 2 randomly selected chicks per cage at wk 3 and wk 6. Blood was drawn from heart puncture, after the animal was anesthetized with CO 2 , using heparinized needles. Blood was chilled on ice, centrifuged at 3,000 g for 15 min and the resulting plasma was stored at −20
• C until analysis. Plasma inorganic phosphorus was determined by the spectrophotometric method of Gomori [8] . Plasma DNA was isolated using phenol:chloroform:isoamyl alcohol (25:24:1, Invitrogen, Grand Island, NY) and resulting DNA quality and quantity were detected spectrophotometrically (A 260/280 ).
Pectoralis major, liver, and heart were removed and weighed at wk 3 and 6. Additionally, total gastrointestinal tract including gizzard and proventriculus was removed and washed with PBS for 3 times to measure weights and/or lengths of various segments at wk 3 and 6.
Tibia Characteristics
Tibias were obtained from one randomly selected chick per cage at wk 6. After removing the fibula and the surrounding connective tissue and muscle, the cleaned tibias were stored in closed plastic bags at 4
• C until analysis. The length and weight of the bones were recorded and the mechanical properties were determined using a 3-point bending test using the Instron Universal Testing Instrument 5965 (Norwood, MA). Maximum extension, maximum slope, maximum load, and the extension at maximum load were collected.
Nutrient Digestion and Retention
At wk 6, 2 birds were randomly selected from each cage for total excreta collection and indirect estimates of apparent phosphorus and apparent DNA digestibility and retention using chromium oxide as an indigestible marker (0.3% inclusion) [9] . After a 4-day acclimation period of feeding the chromium oxide-containing diets and 8 h fasting, fresh feed was weighed and fed to the birds to collect total excreta from each cage twice daily for 3 days. The collected excreta were stored at −20
• C until drying. At the end of the 3-day collection period, all animals were fasted for 6 h to normalize the amount of excreta output and ileal content, and humanely euthanized via CO 2 to collect digesta samples from the ileum. Excreta and digesta were weighed and then dried at 80
• C in a forced-air oven [10] . Excreta were pooled within cage and any feathers or debris were removed before the drying process. Resulting samples were then weighed, ground to a fine powder, and stored at −20 • C for analysis. Chromium oxide in the ileal digesta and feed sample was determined by the method of Bolin and colleagues [11] . Soluble inorganic phosphorus and DNA were analyzed in both the ileal digesta and excreta for the estimates of apparent ileal digestibility and apparent retention, respectively. The same procedures as described above for the analysis of plasma inorganic phosphorus and DNA were applied to determine their concentrations in the dried ileal digesta and excreta.
Statistical Analyses
Data were analyzed using the GLM procedure of PC-SAS 8.1 (SAS Inst. Inc., Cary, NC). The overall main effects of dietary treatment were determined using one-way ANOVA. Mean comparisons were conducted using the Duncan's multiple range test. Data were also analyzed using the linear and quadratic regression models of SAS. Data are expressed as mean, P < 0.05 was considered statistically significant, and P < 0.10 was considered a trend.
RESULTS
Growth Performance and Water Intake
Body weight was decreased at wk 3 and wk 6 with increasing DGA. At wk 3 and wk 6, there were linear (P < 0.05, R 2 = 0.15 and P < 0.01, R 2 = 0.37, respectively) and quadratic (P < 0.01, R 2 = 0.37 and P < 0.05, R 2 = 0.40, respectively) effects of DGA consumption; however, only the 16% DGA-fed birds' weight displayed a reduction in body weight compared with the control diet-fed birds. There were linear (P = 0.05, R 2 = 0.13) and quadratic (P < 0.01, R 2 = 0.38) effects of increasing dietary DGA concentrations on ADG during wk zero to 3, but not wk 3 to 6 or wk zero to 6 (Table 4) . At each time point, ADG of chicks fed the 16% DGA diet was lower (P < 0.05) than that of all other treatment groups. Whereas ADFI was not affected by any level of DGA inclusion, there was a linear reduction in feed use efficiency during the grower (P < 0.01) and the entire period (P < 0.01) with the increased DGA inclusions. Chicks fed the 16% DGA had lower (P < 0.05) feed use efficiency than that of the control and/or the other treatment groups. Water intakes were increased in a linear fashion in response to the increased DGA inclusions at wk one (P < 0.01, R 2 = 0.29), 2 (P < 0.0001, R 2 = 0.82), and 3 (P < 0.0001, R 2 = 0.91, Table 4 ). During the 3-week starter period, water intake increased linearly (P < 0.0001, R 2 = 0.76). Chicks fed the 8 and 16% DGA diets over the starter period consumed 16 to 39% (P < 0.05) more water, compared with the control diet-fed birds. Figure 1 shows linear increases in relative weights of liver at wk 3 (P < 0.05, R 2 = 0.16) and 6 (P < 0.10, R 2 = 0.19), of heart at wk 3 (P = 0.001, R 2 = 0.33) and 6 (P < 0.0001, R 2 = 0.45), and intestine at wk 6 (P < 0.05, R 2 = 0.19) with inclusion of DGA. However, there was no such effect on wk 6 relative weights of breast (13.5 ± 0.48%), gizzard (1.24 ± 0.15%), proventriculus (0.24 ± 0.04%), or intestinal weight per length (0.25 ± 0.02 g/cm, data not shown).
Organ Weights and Tibial Characteristics
Although there were linear reductions in tibial weight (P = 0.01, R 2 = 0.27) and length (P < 0.05, R 2 = 0.21) with increasing DGA inclusions, only tibia weight, but not length, of chicks fed the 16% DGA diet was lower (P < 0.05) than that of chicks fed the control diet (Table 5 ). There were no linear or quadratic Figure 1 . The effect of increasing levels of dietary microalgal biomass on wk 3 and wk 6 relative organ weights in broiler chicks. Data are expressed as mean ± SEM (n = 6/treatment). Values with different superscripts in each group differ significantly according to one-way ANOVA (P < 0.05). Linear and quadratic regression analyses also were deemed significant at P < 0.05. DGA = defatted green microalgal biomass (Nannochloropsis oceanica, Cellana, Kailua-Kona, HI).
effects of DGA inclusion on max slope or energy to and extension at maximum load. However, chicks fed the 8% DGA diet had higher (P = 0.10) max slope than those fed the 4 or 16% DGA diet and lower (P < 0.10) extension at maximum load than that of chicks fed the control, 2 and 16% diets.
Phosphorus and DNA Excretions
Plasma inorganic phosphorus concentrations at wk 6 were not affected by the DGA inclusion. There was a linear (P < 0.01, R 2 = 0.26) decrease in ileal soluble inorganic phosphorus digestibility, but linear (P < 0.001, R 2 = 0.39) increase in soluble inorganic phosphorus retention with the increased DGA inclusions. The daily excretion of soluble inorganic phosphorus showed a declining trend (P = 0.10) with the increased DGA inclusions. Neither plasma nor excreta concentrations of DNA were affected by DGA inclusion (Table 6 ). However, there were linear increases in ileal DNA concentration (P < 0.0001, R 2 = 0.50) and DNA retention (P < 0.001, R 2 = 0.46) in response to different levels of DGA supplementation.
DISCUSSION
The most significant finding from this experiment was the substantial increases in daily water intakes by chicks fed diets containing 8% or higher levels of DGA, compared with the Data are expressed as mean (n = 6/treatment). 1 DGA = Defatted green microalgal biomass (Nannochloropsis oceanica, Cellana, Kailua-Kona, HI). 2 Data were analyzed using linear and quadratic regression models of SAS. a-c Values with different superscripts in each row differ according to one-way ANOVA (P < 0.05). 3 NS = not significant. 4 Estimated at wk 6 using the indirect method of chromium oxide as an indigestible marker. 5 Estimated at wk 6 using the total collection data. Data are expressed as mean (n = 5/treatment). 1 DGA = Defatted green microalgal biomass (Nannochloropsis oceanica, Cellana, Kailua-Kona, HI). 2 Data were analyzed using linear and quadratic regression models of SAS. a-b Values with different superscripts in each row differ according to one-way ANOVA (P < 0.05). 3 NS = not significant. 4 Estimated at wk 6 based on data from the total excreta collection study.
controls. While high salt concentrations of the defatted marine microalgal biomass did lead us to previous observations of bulky excreta by the experimental chicks [1, 3] , the present study represents the first direct measurement of the actual water intake while feeding the biomass. Although the increased water intake associated with the 8% DGA diet did not depress growth performance, the extra water usage will lead to not only higher demand for the agricultural water needs but also a larger amount of litter. The latter is a major concern in modern poultry production [12] . Chicks consuming the 16% DGA diet also displayed incidences of water regurgitation when feeding after a bout of drinking. That was probably due to pressure exerted on the crop and could lead to feed loss. Concurrently, the increased consumption of the DGA diets, mainly due to the high salt intake, produced heavier heart and/or liver weights, although the correlation coefficient was rather moderate. Mirsalimi and others [13] reported increased relative weights of right and total ventricle and total blood volume in broiler chicks consuming 0.5% salt water compared with untreated controls. Metabolically, high sodium intake leads to increases in blood volume and flow, ultimately causing right ventricular hypertrophy and pulmonary hypertension [14] . Apparently, additional processing steps must be taken to remove the extra salt present in the DGA biomass for the full potential of its high protein and other nutrients in animal feeding. Another novel finding from the present study is the linear increases in retention and linear decreases in excretion of total soluble inorganic phosphorus in chicks fed the graded levels of DGA. Remarkably, chicks fed the 16% DGA diet decreased their total soluble phosphorus excretion by 24% compared with the controls. This decrease is an unanticipated benefit of feeding this new type of DGA biomass because minimizing environmental pollution of manure phosphorus excretion is currently a major interest of animal agriculture [6] . Apparently, more extensive research is needed to follow up this finding for fully understanding the mechanism and environmental impact of this decreased phosphorus excretion associated with the DGA feeding. Interestingly, ileal total soluble phosphorus digestibility displayed a linear decrease with increases in dietary DGA inclusion. Opposite responses between digestion and retention of nutrients to microalgal feeding were previously reported. Weanling pigs fed the microalgae Spirulina maxima displayed reduced apparent nutrient digestibility with a simultaneous increase in the metabolic utilization of the absorbed nutrient, compensating for the low digestibility [15] . In the present study, ileal phosphorus digestibility was fairly high, irrespective of DGA inclusion levels.
An additional concern with increased dietary DGA inclusion is the subsequent increase in dietary iron. Dietary iron metabolism is known to be linked to the metabolism of other key nutrients including zinc [16] , copper [17] , calcium, and phosphorus [18] . Although the effects of excess iron on copper and zinc need to be assessed, the elevated iron in the DGA-containing diets did not affect bone development or Ca/P nutrition status. While the DGA inclusions caused dosedependent linear decreases in tibial weights and lengths, the treatments did not affect tibial bone strength or other functional indices. In fact, the decreased tibial weight or length in chicks fed the 16% DGA diet can potentially be explained by the corresponding decrease in body size. Altogether, phosphorus from the DGA biomass was as bioavailable as, if not more than, that from the ingredients of the control diet for maintaining body phosphorus status and bone function. This feature of DGA is a requisite for its application in broiler feeding because selections for rapid growth in broilers may render them prone to skeletal deformities or bone breakage [19] . These problems lead to mortality, low productivity, and carcass condemnations and are associated with a loss of several hundred millions of dollars annually [20] .
The present study signifies our first effort to determine fate and retention of DNA in the DGA. One noted concern for the use of single-cell protein sources such as microalgae is the high content of nucleic acids [21, 22] . Nucleic acids and other non-protein nitrogen contribute 10% of the total nitrogen found in microalgae [23] . Excess nucleic acid consumption results in high production of uric acid that may cause gout and kidney stone formation in animals lacking the uricase enzyme [24] . Since uric acid is the end product of protein metabolism in chicks, they may be evolved for consuming feeds high in nucleic acid content [25] . However, the metabolic fate and excretion of the nucleic acids in DGA have not been examined. Our preliminary findings from the present study demonstrated that an increased consumption of DGA did not alter plasma DNA concentrations. When ileal DNA concentrations were increased linearly with DGA inclusion in the 6-week-old chicks, their excreta DNA remained similar among treatment groups, potentially due to gut microbe contribution. Notably, DNA retention was increased with DGA supplementation. Retained nucleotides may be used for nucleic acid synthesis, resulting in increased DNA and RNA contents in organs and muscles [21] . Therefore, a more detailed profile of nucleic acid metabolism and deposition due to DGA consumption is warranted.
CONCLUSIONS AND APPLICATIONS
1. Overall, multiple measures in this experiment show that broiler chicks tolerated the 4% inclusion of DGA throughout the starter and grower periods. 2. Despite no adverse effect on growth performance or various biochemical and metabolic measures, the 8% DGA diet resulted in elevated water consumption and relative weights of vital organs. 3. Meanwhile, the 16% DGA diet caused many, if not all, responses inferior to the control. The most limiting factor of the tested DGA biomass is likely its high salt concentration, the direct adverse effects of which included elevated water intake and hypertrophy of heart and/or other organs. Clearly, the extra salt in the DGA must be removed using additional processing steps for exploring its full nutritional, metabolic, and environmental potentials.
